Imaging mobile zinc in acidic environments remains challenging because most small-molecule optical probes display pH-dependent fluorescence. Here we report a reaction-based sensor that detects mobile zinc unambiguously at low pH. The sensor responds reversibly and with a large dynamic range to exogenously applied Zn 2+ in lysosomes of HeLa cells, endogenous Zn 2+ in insulin granules of MIN6 cells, and zinc-rich mossy fiber boutons in hippocampal tissue from mice. This long-wavelength probe is compatible with the green-fluorescent protein, enabling multicolor imaging, and facilitates visualization of mossy fiber boutons at depths of >100 mm, as demonstrated by studies in live tissue employing twophoton microscopy.
Introduction
Zinc is an essential trace element that is oen found as pools of mobile ions in specic tissues of the body. 1 In the brain and pancreas, the highest concentrations of mobile zinc occur in secretory vesicles. [2] [3] [4] Synaptic vesicles in neurons and insulin granules in pancreatic b-cells store zinc with concentrations in the millimolar range. 5, 6 In both cases, these zinc ions are secreted together with either glutamate or insulin and elicit distinct autocrine and paracrine effects. 4, 7, 8 Secretory vesicles are usually more acidic than the cytosol or the extracellular space. Insulin granules express an ATPdependent proton pump that acidies the vesicles to pH 5.5, 9 and the pH of resting synaptic vesicles in the hippocampus is 5.7.
10 Moreover, the acidity of secretory vesicles changes continuously, reaching neutrality upon exocytosis. 10, 11 Visualization of vesicular zinc therefore requires probes that are completely impervious to pH changes.
The majority of small-molecule optical probes for mobile zinc comprise a uorophore and a chelating unit. [12] [13] [14] In the absence of zinc, lone pairs of tertiary amines in the binding unit quench the uorescence of the uorophore via photoinduced electron transfer (PET). 15 Upon zinc binding, the energy of the lone pair is decreased and PET becomes unfavorable, restoring the uorescence of the probe. A limitation of this approach is that protonation of the tertiary amine in the binding unit also induces enhancement of the uorescence. This pH sensitivity makes most zinc uorescent sensors less efficient in acidic environments and may introduce uncertainty as to whether the observed signal is a consequence of detection of zinc or a change in pH.
We recently developed SpiroZin1, a reversible, reactionbased uorescent sensor that is pH-insensitive from pH 3 to 7.
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SpiroZin1 binds zinc with a dissociation constant in the picomolar range, which is too low for most neuroscience applications. Here we report the preparation of SpiroZin2 (Scheme 1), a probe that detects zinc with nanomolar affinity. The utility of the probe is demonstrated in live cells and acute hippocampal tissue slices in studies that signicantly enhance the value of the SpiroZin family of mobile zinc sensors.
Results and discussion
SpiroZin2 was prepared in a one-pot reaction from indolenine 1, cresol derivative 2, and amine 3 (Scheme 2), and was puried by RP-HPLC (for details see the ESI †). Solutions of SpiroZin2 in aqueous buffer (50 mM PIPES, 100 mM KCl, pH 7) are pale yellow and non-uorescent, indicating that the probe exists in the spirobenzopyran form. Addition of zinc turns the color of the solution to a deep red (l abs ¼ 518 nm, 3.071(1) Â 10 4 cm À1 M À1 ) with an increase in uorescence intensity at l max ¼ 645 nm (Fig. S3 †) . SpiroZin2 binds zinc with a dissociation constant of 3.6(4) nM. This affinity is weaker compared to that of SpiroZin1 as a consequence of replacing a pyridine ring by a less electron-rich, more weakly binding, pyrazine ring (Fig. S4 †) . 18 The uores-cence of the probe in the absence of zinc did not change signicantly over the pH range of 3 to 7, and a large uorescence enhancement was observed upon addition of zinc to solutions at each of these pH values (Fig. S5 †) . SpiroZin2 also displayed good selectivity against metal ions such as Na + , K + , Ca 2+ , and Mg 2+ , among others ( Fig. S6 †) . The turn-on kinetics were studied using stopped-ow uorescence spectroscopy and occurred in two steps, with t 1/2 fast ¼ 14.4(2) ms and
. Upon chelation of zinc with ethylenediamine tetraacetic acid (EDTA), the non-uorescent spirobenzopyran isomer was restored with t 1/2 ¼ 69.4(9) s at 37 C ( Fig. S8 †) .
The ability of SpiroZin2 to detect zinc ions in live cells was investigated. HeLa cells treated with 5 mM SpiroZin2 showed essentially no uorescence in the red channel (Fig. 1D ). Addition of 30 mM zinc pyrithione, a cell-permeable zinc complex, led to a 12-fold increase in intracellular red uorescence ( indicating that SpiroZin2 detects exogenously applied zinc in acidic vesicles. To demonstrate that SpiroZin2 can also detect endogenous zinc in acidic environments, we used MIN6 cells, which are an insulinoma-derived model of pancreatic b-cells.
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Incubation of MIN6 cells with SpiroZin2 produced red uo-rescence in a punctate pattern, especially in the vicinity of the plasma membrane ( Fig. 2B and E) , consistent with labeling of insulin granules.
Treatment of the cells with TPEN led to disappearance of the uorescence signal, demonstrating that the sensor detects the presence of endogenous zinc (Fig. 2C) . We loaded LTG and SpiroZin2 into MIN6 cells and quantied their colocalization. Whereas LTG stained all acidic vesicles, SpiroZin2 labeled only certain granules (Fig. 2D-F) . The Pearson's correlation coefficient of the dyes in MIN6 cells is 0.66(4), which is signicantly lower than that observed in HeLa cells (0.8). This smaller correlation coefficient is consistent with the ability of LTG to label both zinc-rich insulin granules and endo/lysosomes, in which the concentration of mobile zinc is low. In contrast, SpiroZin2 gives a uorescent signal only in vesicles that have a high concentration of endogenous zinc, such as insulin granules, and leaves endo/lysosomes unstained (Fig. 2F ). This conclusion is supported by the Mander's coefficients, which show that SpiroZin2 colocalizes strongly with LTG (M red ¼ 0.8(1)), but LTG colocalizes with SpiroZin2 only moderately Scheme 2 Synthesis of SpiroZin2. (M green ¼ 0.56 (6)). Additionally, the intracellular red uores-cence of MIN6 cells loaded with SpiroZin2 decreased signi-cantly upon stimulation of the cells with 50 mM KCl and 20 mM glucose, which is consistent with exocytosis of vesicular zinc and SpiroZin2 (Fig. S9 †) .
SpiroZin2 displays a large uorescence enhancement upon detection of zinc using two-photon excitation (Fig. S10 †) . Although the emission quantum yield of SpiroZin2 is very low (f ¼ 0.001), the relatively large two-photon absorption crosssection (s TPA ¼ 74 GM) of the zinc-bound forms makes this sensor a good probe for two-photon imaging. We exploited these non-linear optical properties to perform two-photon imaging of live brain tissue. Acute hippocampal slices from adult wild-type (WT) mice were incubated with 100 mM SpiroZin2. Two-photon imaging of these slices revealed red uo-rescence with a punctate pattern in the cornu ammonis 3 (CA3) stratum lucidum layer in the mossy ber region (Fig. 3A and C) . This staining is similar to that obtained recently using probe 6-CO 2 H-ZAP4. 21 Vesicular zinc in the brain is loaded by the ZnT3 (Slc30A3) transporter and this gene has been successfully knocked out in transgenic mice.
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Two-photon imaging of hippocampal tissue from a ZnT3 knockout (Slc30a3 À/À ) mouse displayed only background uo-rescence ( Fig. 3B-D) , demonstrating that SpiroZin2 detects ZnT3-dependent synaptic zinc in live tissue. The emission of SpiroZin2 in the deep red region of the spectrum enabled us to conduct zinc imaging experiments in Thy1-EGFP (line M) transgenic mice, which express EGFP sparsely in neuronal cells under the control of the Thy1 promoter. 23 Acute hippocampal slices of an adult Thy1-EGFP mouse were incubated with 100 mM SpiroZin2 and imaged using two-photon microscopy (Fig. 4) . In the green channel, neurons expressing EGFP can be observed in the dentate gyrus granule neurons and their mossy ber axons (Fig. 4A) . In the red channel, uorescence is detected in the mossy ber boutons (Fig. 4B ), but not in other regions including the cell bodies and dendrites of the dentate gyrus granule neurons (Fig. 4C) . Enlarged images of the CA3 region reveal that SpiroZin2 produced a punctate staining pattern, which overlapped with EGFP-labeled mossy ber boutons ( Fig. 4D-F ). Higher magnication of three-dimensional images conrmed the colocalized puncta of EGFP and SpiroZin2 (Fig. 4G-I ), indicating presynaptic localization of SpiroZin2. Additionally, we co-stained hippocampal slices with SpiroZin2 and the membrane-permeable green uorescent Zn 2+ sensor ZP1, which was used previously to image mobile zinc in mossy ber boutons.
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The uorescent signals of SpiroZin2 and ZP1 correlate in the mossy ber region and high-magnication images revealed colocalized puncta of SpiroZin2 and ZP1 (Fig. S11 †) . The addition of the membrane-permeant Zn 2+ chelator tris-(2-pyridylmethyl)amine (TPA) reduced the uorescence intensity of SpiroZin2 puncta, conrming the detection of presynaptic Zn 2+ . 21 We next tested the decay of the detected uorescence of zinc sensors as a function of depth (z) in hippocampal tissues. We compared SpiroZin2 with ZP1. 17 The uorescence intensity of ZP1 was more than twice as strong as that of SpiroZin2 on the surface of the tissue, but decayed dramatically to a uorescence level similar to that of SpiroZin2, albeit showing increased outof-focus uorescence signals at deeper regions instead of distinct mossy ber boutons (Fig. 5) . In contrast, SpiroZin2 signals were dimmer at the surface, but maintained a uores-cence intensity consisting of focused presynaptic boutons at depths between 50-100 mm. These results demonstrate the advantage of using SpiroZin2 to image Zn 2+ in mossy ber boutons from deep brain regions.
Conclusions
We developed SpiroZin2, a probe with nanomolar binding affinity, pH-insensitivity in the physiological range, far-red uorescence, and improved performance in live cells and tissues. This sensor accumulates in the endo/lysosomes of HeLa cells and displays a reversible 12-fold uorescence enhancement in response to exogenously applied Zn 2+ . This experiment demonstrates that SpiroZin2 is able to detect chelatable zinc in acidic vesicles. In pancreatic MIN6 cells, SpiroZin2 labels zinc-rich granules and does not show uo-rescence in other acidic vesicles. The emission of SpiroZin2 increases upon detection of zinc using two-photon excitation, making the probe useful for imaging in live tissue. SpiroZin2 stains the mossy ber boutons in the CA3 region of WT mouse, but not in hippocampal slices of a ZnT3 knockout (Slc30a3 À/À ) mouse, conrming that the probe detects presynaptic vesicular zinc. This sensor is also useful for experiments in combination with organisms that express EGFP reporters, providing the opportunity to study the interplay of mobile zinc and synaptic protein function by multicolor imaging. The far-red uores-cence of SpiroZin2 is ideal for imaging zinc in tissue at depths of >100 mm with greater contrast than existing visible-light probes.
